Novel phases of two dimensional electron systems resulting from new surface or interface modified electronic structures have generated significant interest in material science. We utilize photoemission spectroscopy to show that the near-surface electronic structure of a bulk insulating iridate Sr 3 Ir 2 O 7 lying near metal-Mott insulator transition exhibit weak metallicity signified by finite electronic spectral weight at the Fermi level. The surface electrons exhibit a unique spin structure resulting from an interplay of spin-orbit, Coulomb interaction and surface quantum magnetism, distinct from a topological insulator state. Our results suggest the experimental realization of a novel quasi two dimensional interacting electron surface ground state, opening the door for exotic quantum entanglement and transport phenomena in iridate-based oxide devices.
1 Strongly correlated electronic behavior can be modified near surfaces and interfaces of transition metal oxides, leading to novel quantum phenomena [1] [2] [3] . Surfaces are known to be dramatically modified in topological band insulators and in spin-orbit coupled Rashba semiconductors [4] [5] [6] . These unusual surface effects not only reflect novel physics but also hold potential for future devices where such effects are amplified by nano-structuring, which leads to the enhancement of surface-to-bulk ratio 7 . Recently, attention has focused on materials in which Mott physics and strong spin-orbit interaction may coexist in the bulk. Iridium oxides (iridates) have been identified to be one of such promising classes of materials [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
So far, research on the iridates has largely focused on their bulk properties. Theoretical models suggest the possibility of realizing exotic phenomena in the iridates, such as the arced semimetal 18 , topological insulator 19 , and high temperature superconductivity 20 , none of which has yet been found experimentally. Here we report a different route to look for exotic surface phenomena in iridates and identify the surface electronic and spin ground state. Surface phenomena are often expected to be enhanced in correlated systems near the bulk metal-Mott insulator transition at which Coulumb interaction, spin-orbit coupling and the often-frustrated magnetic moments compete in determining the ground state. Near such metal-insulator bulk criticality, surface modification is likely to occur since the narrow-gap bulk states are sensitive to changes and relaxations of surrounding crystal potential near the surface. The iridate we focus here, Sr 3 Ir 2 O 7 , belongs to the Ruddlesden-Popper series whose bulk electronic structure lies in between a Mott insulator (n = 1) and a correlated metal (n = ∞) 8, 9 , in the vicinity of a bulk criticality. Evidently, it is critically important to identify the surface ground state of such exotic iridates if they differ from the bulk.
We report a systematic study of spin integrated and spin resolved angle resolved photoemission spectroscopy (ARPES) to critically (and thoroughly) investigate the near-surface with the transport data ( Fig. 1a) , two bands (α, blue; β, green) evolve to a close vicinity of the Fermi level. The shape and dispersive pattern of these low-lying bands are rather complicated. Fig. 1d shows a typical ARPES Fermi mapping obtained with 35 eV photons.
Finite spectral weight is present at the Fermi level (E F ), indicative of a nearly conductive ground state. This finite intensity at E F can be due to possible band bending effect close to the sample surface. Such a band bending effect -strong enough so that E F descends to near the bottom of the Mott gap at a depth greater than the electron escape depth -will give rise to an ARPES signal dominated by the more conductive surface layer. The fact that this conducting channel is not detected by conventional transport measurements may be due to a small surface/bulk volume ratio and difference in mobility between the bulk-and surfaceoriginated charge carriers. Nonetheless, this is a surface modified effect. At 0.15 eV binding energy (bottom panel of Fig. 1e ), the α-band decomposes into segments; the β-band shrinks in size despite maintaining intact, signifying its electronlike nature. It is important to point out here that the β band is not observed in previous ARPES works on this material [11] [12] [13] , possibly because of different sample quality and our choice of measuring the second Brillouin zone instead of the first, where no sign of the β band is seen. In Fig. 1f we show three k-E maps along directions shown in Fig. 1b . It should be noted from Cuts 1 and 2 that, despite the finite intensity at E F , the quasiparticle structure is gapped at E F (Fig. 1g) . To clarify our observations from Figs. 1 and 3, a schematic constant energy map close to the top of the α band is presented in Fig. 3f associated with the AF Brillouin zone (Fig.   3e ). From this figure, one can see that although some weak k z dispersion is discernable, the electronic structure of Sr 3 Ir 2 O 7 is mostly two dimensional. It is very important to note here that such finite k z dispersion is not excluded for surface-related bands, especially for systems with small insulating gaps, since the surface bands can in principle penetrate deeper into the 6 bulk and thus respect the symmetry of bulk electrons. The spin textured behavior together with the observed weak k z dispersion in these states rules out the possibility that the α and β bands are purely bulk bands.
From the data presented in Fig. 2 , we have experimentally investigated the presence of surface spin fine structure in Sr 3 Ir 2 O 7 . The physical significance of the observed spin texture can be understood by comparing it to the well-known surface state found in topological insulators (TIs), as shown in Fig. 4a . At the surface of a TI, a single gapless spin helical two dimensional electron gas (2DEG) presents as long as time reversal symmetry preserves in the system. Intrinsic interaction between the Dirac fermions and lattice phonons is found to be weak 29 . At the surface of an AF-ordered correlated TMO, there exists a two dimensional electronic state (2DES) showing a unique spin fine structure. It is instructive to propose (see Fig. 4b , adapted from Ref. 9) that these spin polarized states reside only in the close vicinity of the MIT, where the bulk band gap is so small such that it is unstable at the crystal surface where lattice relaxation and band bending occur, which then give rise to an effective electric field along the z-direction. The spin helical surface state in TI and the spin-textured surfaces in TMOs near bulk criticality are examples of novel surface electronic structures that signify distinct phases of two dimensional condensed matter. In order to harness its exotic behavior, surface-to-bulk ratio can be increased by nano-structuring the sample in future layer-by-layer MBE growth techniques. In such thin films, anomalous quantum and
Hall transport are expected in a strongly correlated setting.
In Fig. 4c -e we present a first-principles GGA + U band calculations that reveal a bulk electronic structure agreeing reasonably well with our measurements for high binding energies (detailed in Supplementary Information). In order to achieve such agreement, we set the Hubbard U = 1.5 eV and λ SO = 1.7 times the self consistent value in the calculation. Therefore our data places constraints on the magnitude of Coulumb U and spin-orbit coupling experimentally realized in the material under study. Ir 5d orbitals. e, Band calculation on top of ARPES band structure close to E F (same data set as Figs. 1 and 3) . Red arrow points to the β band approaching E F near M that is not present in the calculation.
